Introduction: pathophysiology of Duchenne muscular dystrophy {#s1}
============================================================

Developing robust biomarkers for a disease requires comprehensive information about the human condition and the associated animal models. Duchenne muscular dystrophy (DMD) is a lethal, X chromosome-linked muscle disease caused by mutations in the dystrophin (*DMD*) gene, which result in the loss or altered function of dystrophin protein. DMD affects about 1 in 3500-6000 boys worldwide, causing severe loss of muscle mass and function, with death often occurring in the late teens due to respiratory or cardiac failure ([@DMM043638C11]; [@DMM043638C29]; [@DMM043638C76]). *DMD* is the largest gene in the human genome and encodes at least seven distinct proteins; one of which, the dystrophin isoform Dp427, is found in skeletal and cardiac muscle. All dystrophin isoforms bind to a dystroglycan complex (DGC) in the cell membrane ([@DMM043638C111]). In skeletal muscles, dystrophin is located beneath the sarcolemma ([Box 1](#DMM043638B1){ref-type="boxed-text"}, Glossary) and links the actin cytoskeleton and the specialised contractile proteins in the sarcoplasm ([Box 1](#DMM043638B1){ref-type="boxed-text"}) to the transmembrane DGC that spans the sarcolemma to connect with laminin and a network of extracellular matrix (ECM) molecules, including collagens, to transfer the contractile muscle force and move parts of the skeleton. Dystrophin is enriched at the costameres and myotendinous junctions (MTJs; [Box 1](#DMM043638B1){ref-type="boxed-text"}) where force is transmitted across the cell membrane ([@DMM043638C88]; [@DMM043638C116]). Dystrophin is also involved in various signalling pathways ([@DMM043638C3]). Box 1. Glossary**Costamere**. The structural-functional component of striated myofibres that links the sarcomere to the cell membrane.**Creatine kinase (CK)**. Enzyme expressed in muscle and other tissues that catalyses the conversion of creatine to phosphocreatine and adenosine diphosphate.**Myoglobin**. Iron- and oxygen-binding protein found in myofibres; particularly abundant in slow muscles, which are better suited to derive their energy by oxidative phosphorylation.**Myotendinous junctions (MTJs)**. Site of connection between tendon and muscle.**Neuromuscular junctions (NMJs)**. Site of the transmission of action potential from nerve to muscle.**Nitric oxidase synthase (NOS)**. Enzyme catalysing the production of nitric oxide.**Sarcolemma**. Cell membrane of a striated myofibre.**Sarcoplasm**. Cytoplasm of a striated myofibre.**6-min walk test**. A clinical test protocol that measures the total distance DMD patients are able to walk in 6 min.**Xanthine oxidase**. Enzyme that catalyses the oxidation of hypoxanthine to xanthine and can further catalyse the oxidation of xanthine to uric acid.

Mutations in *DMD* causing a lack of functional dystrophin result in a fragile sarcolemma that is susceptible to damage after skeletal muscle contraction, leading to intrinsic myofibre necrosis (or myonecrosis). Necrosis is closely associated with increased inflammation and oxidative stress ([@DMM043638C109]), and leads to subsequent regenerative myogenesis ([Fig. 1](#DMM043638F1){ref-type="fig"}). Repeated bouts of myonecrosis also cause increased fibrosis over time ([@DMM043638C3]; [@DMM043638C9]; [@DMM043638C11]; [@DMM043638C27]; [@DMM043638C29]; [@DMM043638C37]; [@DMM043638C52]; [@DMM043638C53]; [@DMM043638C87]). Intrinsic myonecrosis of skeletal muscles is central to the progressive dystropathology of DMD and appears to be exacerbated by growth, exercise and metabolism, associated with unmet high energy needs ([@DMM043638C85]). In addition, the progressively increasing fibrosis caused by repeated bouts of myonecrosis and inflammation impairs myogenesis and regeneration of DMD muscles, with resultant severe loss of muscle tissues. Fig. 1.**Necrosis of dystrophic skeletal muscle and associated cellular events.** (A) Timeline of events resulting from experimental necrosis of normal muscle. This diagram indicates the timing of the main events associated with regeneration of normal muscle after a single bout of myonecrosis upon experimental injury ([@DMM043638C38]; [@DMM043638C85]). A similar sequence of events occurs in dystrophic muscle after intrinsic myonecrosis, although the environment is progressively altered by repeated bouts of damage, with disturbed inflammatory cell populations and increasing fibrosis that can impair myogenesis and regeneration. (B) Simple diagram to indicate biomarkers in dystrophic muscle associated with the key events of myonecrosis. Some biomarkers are present only in muscle, whereas others can be detected in blood or urine (see [Table 1](#DMM043638TB1){ref-type="table"} and text for details). Albumin ox., oxidised albumin; CK, creatine kinase; ROS, reactive oxygen species.Table 1.**Selected molecular biomarkers associated with myonecrosis and associated dystropathology in muscles, blood and urine of DMD patients and dystrophic animal models**

Bouts of intrinsic myonecrosis in DMD can also directly damage neuromuscular junctions (NMJs; [Box 1](#DMM043638B1){ref-type="boxed-text"}). The adverse progressive changes in NMJs, which indicate denervation, are widely reported in dystrophic muscles of rodent and dog models of DMD ([@DMM043638C40]). These altered NMJs affect the associated dystrophic nerve over time, with consequent increased levels of S100 and Tau5 proteins seen by 13 months of age in sciatic nerves of *mdx* mice ([@DMM043638C35]). Such neuronal changes indicate progressive irreversible denervation, often associated with neurodegeneration ([@DMM043638C58]), that is likely to become pronounced over many years or decades and contribute to the loss of muscle function in DMD patients. These preclinical neuronal changes could prove useful as a biomarker for the long-term consequences of repeated intrinsic myonecrosis in animal studies.

A key aim for DMD therapies is to prevent myonecrosis and to directly stabilise the myofibres, ideally by replacing the non-functional dystrophin using various gene delivery or molecular strategies, with recent promising progress ([@DMM043638C110]). In parallel, there is interest in optimising therapies to either prevent or reduce myonecrosis, or target the associated events of inflammation, oxidative stress, failed regeneration, fibrosis and neurodegeneration to try and maintain muscle integrity and function.

One of the many challenges in developing a therapy for DMD is the long treatment times required before a meaningful functional clinical outcome can be obtained. For example, to assess therapeutic benefits with the 6-min walk test ([Box 1](#DMM043638B1){ref-type="boxed-text"}), patients need to receive treatment for 6-9 months. Consequently, clinical trials are expensive, resource-intensive and time consuming, and require considerable commitment from families. Another issue is the need to determine a suitable clinical dosing regimen for young DMD boys, as toxicology studies and optimal doses are often determined preclinically in adult animal models that do not necessarily translate to humans ([@DMM043638C86]), and repurposed drugs that have been used previously for 'normal' adult humans may have a very different impact in growing children ([@DMM043638C8]), especially those with severe muscle damage. Thus, it is highly desirable to have suitable rapidly responsive and accessible molecular biomarkers of DMD to help determine the best route, frequency and dose of treatment before undertaking a full clinical trial.

In addition, robust biomarkers would be clinically valuable in helping to assess the capacity of a therapy to specifically reduce myonecrosis and hence disease severity over time. Thus, the central aim of this article is to discuss molecular biomarkers in muscle, blood and urine as reliable and mechanistically relevant readouts of the extent of myonecrosis in DMD. Necrosis is the central process that causes the progressive pathogenesis of DMD, and thus biomarkers that can quantify its extent have the potential to acutely track disease progression. We therefore focus our discussion on the events of myonecrosis and of the closely associated inflammation and oxidative stress. Biomarkers of the consequent and delayed occurrence of fibrosis and fatty replacement of muscles, along with neurodegeneration, fall outside the scope of this Review. The progressive changes in tissue composition, which measure the severity of dystropathology over time, can be monitored by magnetic resonance imaging (MRI) in humans and animal models of DMD ([@DMM043638C100]). Although MRI is increasingly being used as a powerful tool for measuring outcome without the need for muscle biopsy, its repeated use has limitations, including expensive equipment and expertise, high cost per measurement and inconvenience for the patient due to the immobilisation and time required for repeated measurements ([@DMM043638C100]). For therapies using a drug that targets a specific molecular signalling pathway, it is clearly desirable to monitor the predicted changes in proteins or RNAs within that pathway to demonstrate drug target engagement and efficacy. However, such drug-specific pharmacodynamic biomarkers fall outside the scope of the present discussion.

Diverse dystrophic animal models are used to study DMD, ranging from the classic *mdx* mouse ([@DMM043638C17]; [@DMM043638C77]) and the important larger dystrophic dog models such as golden retriever muscular dystrophy (GRMD) with more severe disease manifestation (reviewed by [@DMM043638C55]), to dystrophic *Dmd^md^* rats ([@DMM043638C62]), rabbits ([@DMM043638C99]), pigs, cats, zebrafish and fruit flies (reviewed by [@DMM043638C112]). Although human blood and urine samples can be fairly easily obtained for analyses, muscle biopsy is highly invasive and undesirable for DMD patients. Thus, data from diverse tissue samples of animal models provide the basis for much of the following discussion.

Overview of molecular biomarkers, especially for myonecrosis and associated events {#s2}
==================================================================================

Many biomarkers of potential interest for DMD that reflect the primary feature of myonecrosis, associated inflammation and oxidative stress, as well as secondary disturbances such as fibrosis, have been identified in muscle tissue and biofluid samples, mainly blood and urine ([Table 1](#DMM043638TB1){ref-type="table"}), but very few are in routine clinical and experimental use. Some candidate DMD biomarkers have been identified in several studies and species, and their responsiveness to therapies demonstrated, whereas others may have been identified in a single study or show wide variation between individuals and between studies ([Table 1](#DMM043638TB1){ref-type="table"} and discussed below). For example, one classic widely used clinical blood (plasma) biomarker for DMD is the enzyme creatine kinase (CK; [Box 1](#DMM043638B1){ref-type="boxed-text"}), which is elevated in patients and in rodent and dog DMD models, but can be highly variable (reviewed by [@DMM043638C24]; [@DMM043638C43]; [@DMM043638C100]). Nevertheless, increased CK levels, specifically the MM muscle form measured by immunoassay in dried bloodspots, are now being used for newborn DMD screening ([@DMM043638C69]).

More recently, extensive proteomic, RNA and metabolite analyses have been carried out in animal models and patients, as discussed in a number of excellent reviews on potential biomarkers for muscle, blood and urine ([@DMM043638C2]; [@DMM043638C1]; [@DMM043638C24]; [@DMM043638C43], [@DMM043638C44]; [@DMM043638C65]; [@DMM043638C75]; [@DMM043638C100]; [@DMM043638C108]). A large-scale proteomic approach to identify serum biomarkers associated with pathophysiological change over time ([@DMM043638C97]) concluded that ∼33 proteins were bona fide biomarkers as they were able to discriminate between DMD patients and healthy controls in all cohorts, with a concordant directional change towards either a consistent increase or decrease in patients.

Quantification of necrosis in dystrophic muscles {#s3}
================================================

Identifying biomarkers in body fluids that reflect the primary events of myonecrosis and the closely associated oxidative stress and inflammation, which usually result in regeneration, requires an accurate assessment of necrosis in muscles. This section first discusses the factors contributing to the onset of myonecrosis and the techniques to quantify myonecrosis and subsequent early regeneration ([Fig. 1](#DMM043638F1){ref-type="fig"}A), followed by molecules that can be measured in biofluids.

Onset and exacerbation of myonecrosis {#s3a}
-------------------------------------

Although the precise events that initiate the intrinsic sarcolemma damage and consequent myonecrosis in DMD are not fully understood, small membrane breaks, increased intracellular calcium, inflammation and oxidative stress are strongly implicated and are closely linked (reviewed by [@DMM043638C3]; [@DMM043638C7]). As interventions that target any of these can prevent the transition from sarcolemmal damage and leakiness to irreversible necrosis, it can be difficult to ascertain precisely what the critical initiating event is. Electron microscopy studies of DMD muscles identified overcontraction of myofibres as an early mechanical event, along with leakiness and small physical gaps in the sarcolemma, that support the notion of mechanical events initiating the catastrophic myonecrosis cascade ([@DMM043638C19]; [@DMM043638C92]). However, other data support calcium influx dysregulation as the initiating event (reviewed by [@DMM043638C3]; [@DMM043638C55]). Although the molecular events leading to it are not fully understood, myonecrosis causes histological changes that can be quantified.

Histological quantification of recent myonecrosis and early regeneration {#s3b}
------------------------------------------------------------------------

Skeletal myonecrosis is routinely assessed in tissue sections by simple Haematoxylin and Eosin (H&E) histological staining of transverse muscle sections as described in the Standard Operating Procedures (SOPs) on the TreatNMD website (see TreatNMD, DMD_M.1.2.007; <http://www.treat-nmd.eu/downloads/file/sops/dmd/MDX/DMD_M.1.2.007.pdf>). As there is sometimes confusion about the specific histological criteria to identify and quantify necrosis of myofibres, we discuss them in more detail here and in [Fig. 2](#DMM043638F2){ref-type="fig"}, in which myonecrosis is shown to occur upon acute experimental injury (day 0). Fig. 2.**Quantification of myonecrosis and subsequent regeneration in muscle tissue sections of young *mdx* mice at acute onset of myonecrosis (∼21 days postnatal).** (A-C) H&E-stained transverse sections of paraffin-embedded tibialis anterior (TA) muscles from young *mdx* mice aged 21 to 28 days (adapted from [@DMM043638C46]). This image is not published under the terms of the CC-BY license of this article. For permission to reuse, please see [@DMM043638C46]. (D-K) Untreated young *mdx* mice (D,E,F) and young *mdx* mice treated with a TNF blocking antibody, infliximab (also known as Remicade) (G,H,I), injected intraperitoneally from 7 days of age once a week, with mice sampled at 21, 24 and 28 days of age. In control untreated *mdx* muscles, areas of new myonecrosis are present with fragmented sarcoplasm (asterisks) and some inflammatory cells (arrowheads) at 21 days (D), with foci of recent myonecrosis and early regeneration evident by pronounced inflammation and young myogenic cells (arrowhead) present by 24 days (E), and advanced regeneration with small plump myotubes (arrowheads) with central myonuclei (arrows) conspicuous by 28 days (F). (Note that only D and E would be classified as representing recent myonecrosis for quantification purposes.) This acute onset of myonecrosis and subsequent events are not evident in the treated mice (G,H,I), as clearly shown by the quantification data in J and K. Quantification is shown for the proportion (%) of muscle tissue occupied by myofibre necrosis (J) and myoblasts/myotubes with central myonuclei (K; as a marker of regeneration), for untreated *mdx* mice sampled at days 21-28, compared with three groups of *mdx* mice that received TNF-reducing treatment to prevent the acute onset of myonecrosis: neutrophil depletion, soluble receptors to TNF (etanercept, also known as Enbrel) or inflixamab antibody to TNF (for details see [@DMM043638C46]). *n*=6 mice per group. \**P*\<0.05 between untreated control *mdx* mice and treatment group at a specific time point (two-way ANOVA). Data are mean±s.e.m. Scale bars: 100 µm.

Myonecrosis is a form of cell death associated with the presence of inflammatory cells and is identified by light microscopy as paler staining and fragmentation of the sarcoplasm. Although fragmentation alone can be sufficient, the presence of inflammatory cells within myofibres ([Figs 1](#DMM043638F1){ref-type="fig"} and [2](#DMM043638F2){ref-type="fig"}) confirms recent myonecrosis ([@DMM043638C17]). The precise molecular mechanisms involved in the physical breakdown of myofibre structure are not clear and could involve necroptosis or other cellular events ([@DMM043638C70]). When these features of myonecrosis are combined with evidence of early myogenesis and regeneration, such as basophilic myoblasts and small myotubes formed by day 4 ([Fig. 2](#DMM043638F2){ref-type="fig"}B,C,E), they identify the incidence of recent active focal necrosis with early regeneration. The timing of these events is similar to the exercise-induced myonecrosis in adult *mdx* mice ([@DMM043638C84]). Transverse sections of *mdx* muscles often show a small cluster of several adjacent myofibres undergoing necrosis, whereas longitudinal views reveal that overcontraction and necrosis often affect only a short segment of the dystrophic myofibre, called focal or segmental necrosis ([@DMM043638C10]; [@DMM043638C17]; [@DMM043638C19]). Analyses of many *mdx* mice aged 12 weeks demonstrate that individual animals can exhibit high biological variation in the incidence of myonecrosis ([@DMM043638C83]).

Embryonic or neonatal myosin isoforms {#s3c}
-------------------------------------

Immunostaining of embryonic or neonatal myosins is a classic technique used to identify newly formed, i.e. regenerating, myotubes and myofibres in mature muscles. However, this can also be subject to ambiguity. Although new myotubes initially express embryonic myosin, recapitulating embryogenesis, this is replaced by mature myosin isoforms during maturation. Conversely, denervated myofibres re-express embryonic myosin. Thus, the precise reason for a myofibre expressing embryonic or neonatal myosin needs to be carefully considered ([@DMM043638C38]). This is especially difficult in clinical muscle biopsies and if the precise history is not known. This problem is exemplified by the situation in which experts initially classified small neonatal myosin-expressing myofibres in human muscle biopsies as 'regenerating myofibres', but subsequently considered that the majority of these were instead 'mature, small-sized, and truly atrophic', and thereafter used the term atrophic to refer to neonatal myosin-positive small-sized fibres ([@DMM043638C30]).

Central myonuclei {#s3d}
-----------------

Once a mouse muscle has completed a bout of regeneration after intrinsic damage or experimental injury, the myonuclei persist in a central position for many months instead of re-locating to the periphery in the normal sub-sarcolemmal position ([@DMM043638C38]). Therefore, the presence of centrally located myonuclei in a tissue section (Fig. 2F,K) is widely used to identify myofibres that have regenerated in the past. As persisting central myonuclei are the outcome of many bouts of myonecrosis at varying times ([@DMM043638C17]), this measure does not identify recent necrosis and early myogenesis/regeneration, but is instead a useful proxy of cumulative muscle regeneration ([@DMM043638C38]). Indeed, *mdx* mice experience acute myonecrosis at 3 weeks of age, and ∼80% of adult mice (12 weeks of age) have myofibres with centrally located nuclei that persist for many months ([@DMM043638C40]). Consequently, central myonuclei are of limited use in identifying any striking reduction in recent active myonecrosis and subsequent regeneration in adult *mdx* mice, after the acute phase of necrosis/regeneration has occurred. Instead, the incidence of myonecrosis is best measured by direct histological quantification (see above). Even very old *mdx* mice have an excellent capacity for new muscle formation in the limb muscles, so when a study states that a particular intervention has 'improved muscle regeneration', it is difficult to know what this actually means and requires critical consideration. Specifically, when this statement is based on an increased number of myofibres with central myonuclei, this might instead reflect more myonecrosis ([@DMM043638C38]).

Labelling of blood components that enter leaky and necrotic myofibres {#s3e}
---------------------------------------------------------------------

Disturbed integrity of the sarcolemma can result in various molecules from the blood and interstitial fluid leaking into myofibres, where they can be visualised. A classic example is albumin, which can be identified in tissue sections with antibodies to demonstrate myofibre permeability ([@DMM043638C98]). In addition to such an intrinsic marker, various dyes and contrasting agents that bind to albumin are also very useful, although these have to be administered into the animal or patient before tissue analysis. Evans blue dye (EBD), which binds to albumin, is widely used in animal studies to label all leaky myofibres in frozen muscle tissue sections ([@DMM043638C42]) and in whole muscles ([@DMM043638C98]). The use of contrasting agents in the blood for non-invasive *in vivo* MRI measurements is also useful for analyses of intact animals ([@DMM043638C4]). Although these markers enter into all leaky myofibres of the body, it is critical to emphasise that such leakiness may be transitory and is not always associated with myonecrosis ([@DMM043638C42]; [@DMM043638C98]); care is therefore needed in interpretation. In addition, EBD studies confirm that sarcolemmal leakiness can vary significantly between individual mice and muscles ([@DMM043638C98]). It should also be considered that albumin and other blood molecules may be more readily released from leaky blood vessels of dystrophic animals or DMD patients, as dystrophin is also expressed in vascular endothelial cells ([@DMM043638C74]) and DMD capillaries show disturbed morphology ([@DMM043638C67]).

In conclusion, we consider that, for preclinical studies, the histological measurement of areas of initial myonecrosis with early regeneration on H&E-stained sections can be useful to identify recent bouts of necrosis (shown in [Fig. 2](#DMM043638F2){ref-type="fig"} for juvenile *mdx* and adult *mdx* mice subjected to exercise). Use of neonatal myosin isoforms to identify newly formed myotubes and myofibres, which can indicate regeneration, can also be useful, but caution is needed owing to possible misinterpretation in human biopsies. Although quantification of myofibres with central myonuclei is useful as an overall cumulative measure of myofibres that have undergone necrosis and regeneration, this is difficult to employ to demonstrate any subsequent reduction in the incidence of myonecrosis after the initial acute damage has occurred. As a consequence, measuring central myonuclei has the potential to provide misleading information when attempting to relate the incidence of myonecrosis to biomarkers in biofluids.

Molecules in biofluids as biomarkers of myonecrosis {#s3f}
---------------------------------------------------

Dystrophic muscles secrete molecules into blood, and some of these can also be excreted in urine, which allows for relatively easy collection and quantification of muscle-derived biomarkers. The disturbed integrity of the dystrophic sarcolemma and myonecrosis exacerbate leakage. Several muscle-derived proteins, metabolites, RNAs and other molecules in the blood have been widely studied using a range of technologies (reviewed by [@DMM043638C100]) and include enzymes such as CK and aldolase in the blood, structural proteins associated with sarcomeric contraction such as myosin light chain 1/3, myomesin 3 and fragments of titin in urine, breakdown products of myoglobin ([Box 1](#DMM043638B1){ref-type="boxed-text"}) with ferritin in urine, and intermediate filaments such as filamin C (see [Table 1](#DMM043638TB1){ref-type="table"}). For blood biomarkers, it is important to consider whether they are measured in serum or plasma, and the anti-clotting agent for plasma samples needs to be carefully selected as sample preparation can influence detection of specific biomarkers ([@DMM043638C100]).

Over the last decade, there has been expanding interest in non-coding (nc)RNAs, which include micro (mi)RNAs, long non-coding (lnc)RNAs and many other forms. Although miRNAs have been most widely investigated, a recent study identified differences in expression of lncRNAs and transfer (t)RNAs between growing muscle of dystrophic *mdx* and normal mice ([@DMM043638C12]). As many ncRNAs have tissue-specific expression patterns, are released into the blood stream and are stable in body fluids, they hold promise as potential biomarkers. Several miRNAs are considered to be muscle (myo)-specific, and are thus known as myomiRs. Comparative analyses between dystrophic and normal muscles have identified many interesting changes in myomiR levels. Because the release of myomiRs from dystrophic muscles is likely to occur through secretion and leakage from damaged myofibres, these can be detected in serum or blood, making them interesting blood biomarkers for DMD ([@DMM043638C15]; [@DMM043638C47]). In addition, exosome-enclosed miRNAs are present in urine. Although in low abundance, this additional promising source of miRNA biomarkers is yet to be thoroughly investigated ([@DMM043638C14]).

Blood and urine biomarkers are of particular interest clinically, as biofluid samples are readily available from patients, unlike the highly invasive muscle biopsy that can be hard to justify. However, we recommend that putative myonecrosis biomarkers in blood or urine be assessed preclinically and thoroughly correlated with histological measurements of myonecrosis in tissues to ensure their validity.

Inflammation {#s4}
============

Inflammation is closely associated with myonecrosis in dystrophy, and is therefore discussed because of the potential to link inflammatory biomarkers to myonecrosis. The key cells of the inflammatory response (reviewed by [@DMM043638C109]) that we consider are mast cells, neutrophils (polymorphonuclear leukocytes) and macrophages ([Fig. 3](#DMM043638F3){ref-type="fig"}). Eosinophils are not considered to be major players in the dystropathology ([@DMM043638C94]). Fig. 3.**Sequence of the early inflammatory response to damage in dystrophic skeletal muscles.** Resident mast cells (high in dystrophic muscles) rapidly degranulate to release TNF and many other pro-inflammatory mediators, combined with neutrophils rapidly arriving to produce reactive oxygen species and many other factors, followed by macrophages that persist for several days (adapted from [@DMM043638C82]). This image is not published under the terms of the CC-BY license of this article. For permission to reuse, please see [@DMM043638C82].

In mice, the first cells to exit the vasculature and arrive at the site of experimental damage to normal (non-dystrophic) skeletal muscles are neutrophils, within ∼30 min ([@DMM043638C82]; [@DMM043638C109]). They are phagocytic and are the main cells to secrete the enzyme myeloperoxidase (MPO) that oxidises chloride in the presence of hydrogen peroxide (H~2~O~2~) to form the potent antibacterial oxidant hypochlorous acid (HOCl). These oxidants can modify proteins, which are of interest as biomarkers (discussed below and see [Fig. 4](#DMM043638F4){ref-type="fig"}). Neutrophils are usually transitory in damaged non-dystrophic tissue and produce a range of pro-inflammatory cytokines and chemotactic molecules that attract macrophages to the damage site. These are usually conspicuous from about day 1 for ∼1 week ([@DMM043638C39]; [@DMM043638C89]). Dystrophic mouse and dog muscles have elevated neutrophil content, which is likely a consequence of ongoing bouts of myonecrosis ([@DMM043638C104][@DMM043638C104],[@DMM043638C105],[@DMM043638C106]). Fig. 4.**Generation of reactive oxidative species at the surface of myofibre by neutrophils.** (A) Myofibre damage leads to the infiltration of immune cells to the site of damage, and these cells, particularly neutrophils, have the potential to exacerbate muscle damage by the generation of oxidants. (B) Activation of neutrophils results in the production of superoxide , dismutation of which leads to the formation of hydrogen peroxide (H~2~O~2~) that is either catalysed by MPO to form the highly cytotoxic oxidant hypochlorous acid (HOCl), or is further oxidised to generate hydroxyl radicals (OH•). These oxidants can potentially exacerbate necrosis of dystrophic myofibres by the reversible and irreversible damage modifications that affect the function of cellular proteins. These modified proteins can enter circulation and are often excreted, therefore the measurement of these modifications in plasma and urine can be used as biomarkers of inflammation and oxidative stress in the muscle.

Although there are few mast cells in non-dystrophic mouse muscle, they accumulate in the tissue by ∼8 h after damage and then persist in the damaged tissue. Hence, large numbers of resident mast cells are a feature of dystrophic muscles, with analyses in *mdx* mice reporting ∼9-13 mast cells/mm^2^ muscle ([@DMM043638C82]). Mast cells are packed with granules containing many molecules, including histamine and the pro-inflammatory cytokine TNF, that are rapidly released in response to trauma and exacerbate the necrosis of dystrophic myofibres ([@DMM043638C109]).

Macrophages are the main inflammatory cells in damaged non-dystrophic mouse muscle from ∼24 h after experimental injury, peaking at ∼3 days post-damage, which is around the time of intense myoblast proliferation and onset of fusion, and decreasing by 7 days. Different macrophage subtypes play major roles in the early and later stages of muscle regeneration ([@DMM043638C109]). Simplistically, pro-inflammatory macrophages (sometimes referred to as M1) are essential for the critical early events of phagocytosis, remodelling of the ECM, and myogenesis with myotube formation; and macrophages that secrete anti-inflammatory cytokines (M2) are essential for the maturation of the new myofibres and for the resolution of the regenerative process ([@DMM043638C109]). This distinction is complicated in dystrophic muscles, in which overlapping bouts of myonecrosis and regeneration result in disturbed populations of inflammatory cells, with altered effects on various cell types and 'asynchronous' regeneration ([@DMM043638C21]).

Inflammatory cells produce many cytokines, and increased blood levels of pro-inflammatory molecules are potential biomarkers. Increased levels of TNF in dystrophic muscle are of particular interest, as TNF exacerbates myonecrosis and studies show that reducing the levels of TNF using various strategies effectively prevents myonecrosis (see [Fig. 2](#DMM043638F2){ref-type="fig"}; [@DMM043638C46]). Delivering taurine, an amino acid that is abundant in milk, to juvenile pre-weaned *mdx* mice prevented the acute onset of myonecrosis at 22 days and decreased the TNF levels, neutrophil content and MPO activity typically seen in untreated *mdx* muscles upon weaning ([@DMM043638C106] [@DMM043638C106]). Furthermore, co-administration of deflazacort, an anti-inflammatory and immunosuppressant glucocorticoid commonly used to treat DMD patients, and omega-3 fatty acids to *mdx* mice resulted in reduced levels of serum TNF ([@DMM043638C23]). Taken together, these studies indicate that changes in blood TNF levels are reflecting the changes in tissue pathology and treatment responsiveness, supporting the notion that blood TNF is a potentially useful clinical biomarker. A potential caveat is that serum TNF levels are relatively low, which traditionally made it difficult to measure using antibodies alone ([@DMM043638C91]), but this is now attainable using new advanced technologies ([@DMM043638C54]).

Oxidative stress {#s5}
================

Increased oxidative stress is evident in dystrophic muscle, and is strongly associated with myonecrosis and inflammation ([@DMM043638C109]). Proposed sources of various oxidants include mitochondria, inflammatory cells, NAD(P)H oxidase, xanthine oxidase ([Box 1](#DMM043638B1){ref-type="boxed-text"}) and decoupling of nitric oxidase synthase (NOS; Box 1) via dislocation or translocation of neuronal (n)NOS from the dystroglycan complex of the sarcolemma ([@DMM043638C53]). Our discussion will focus on the oxidative stress associated with inflammation, specifically with neutrophils, as our research group has identified several promising biomarkers associated with these pathways for animal models of DMD.

Irreversible oxidative damage of macromolecules {#s5a}
-----------------------------------------------

One major cellular consequence of oxidant exposure is irreversible damage to proteins and lipids. These are measured by assaying for carbonyls and damaged lipids such as malondialdehyde and isoprostanes ([@DMM043638C113]), which are all elevated in DMD muscle ([@DMM043638C45]; [@DMM043638C50]; [@DMM043638C66]; [@DMM043638C87]). Muscles of *mdx* mice show significantly elevated levels of protein carbonyls (but not malondialdehyde) by 24 days of age, as do GRMD dogs by 8 months of age ([@DMM043638C26]; [@DMM043638C105] [@DMM043638C105]).

Activated neutrophils generate the potent oxidant HOCl via MPO-mediated peroxidation of chloride ions. As the carbonyl assay is a non-specific measure of oxidant activity, the extent to which HOCl changes carbonyl formation is unknown. A more direct measure of HOCl-mediated oxidative damage is halogenation of protein tyrosine residues ([@DMM043638C114]). When tyrosine-containing peptides and proteins are exposed to HOCl, the resulting chlorotyrosines can be measured by liquid or gas chromatography with mass spectrometry or by immunoblotting using an antibody that can detect halogenated tyrosine ([@DMM043638C51]; [@DMM043638C114]). We have shown an increase in tyrosine halogenation in GRMD muscle ([@DMM043638C104] [@DMM043638C104]).

Reversible oxidation of protein thiols {#s5b}
--------------------------------------

Thiol oxidation involves the thiol (-SH) groups of cysteine residues on proteins that can undergo numerous reactions, which depend on the specific type and concentration of the oxidants they encounter ([@DMM043638C25]; [@DMM043638C48]; [@DMM043638C119]). Reversible oxidation of thiol groups can affect the function of many proteins that in turn can affect several cellular pathways including proliferation, differentiation, necrosis and contractility (reviewed by [@DMM043638C78]). Thiol oxidation of proteins has been linked with many diseases, including cardiovascular and pulmonary pathologies ([@DMM043638C73]; [@DMM043638C118]). Although irreversible oxidative damage of proteins and lipids resulting from oxidant exposure has been widely studied and targeted by antioxidant treatment ([@DMM043638C41]), there has been relatively little information related to the extent of reversible protein thiol oxidation in muscular dystrophies.

Recent research in animal models of DMD shows striking increases in protein thiol oxidation in dystrophic skeletal muscles ([@DMM043638C26]; [@DMM043638C48]; [@DMM043638C81]; [@DMM043638C84]; [@DMM043638C101], [@DMM043638C102][@DMM043638C102],[@DMM043638C103], [@DMM043638C104][@DMM043638C104],[@DMM043638C105], [@DMM043638C107]). We propose that neutrophils are a major source of protein thiol oxidants such as HOCl that exacerbate myonecrosis in dystrophic muscles (as indicated in [Fig. 4](#DMM043638F4){ref-type="fig"}). Consistent with this, levels of the classic markers for neutrophils, MPO and neutrophil elastase, closely correspond with elevated protein carbonylation, chlorotyrosine formation and thiol oxidation markers in dystrophic skeletal muscles of *mdx* mice and GRMD dogs (Terrill et al., [@DMM043638C104]). We have also shown that reversible protein thiol oxidation is especially localised in foci of myonecrosis ([@DMM043638C48]), and occurs on muscle proteins such as myosin heavy chain, myosin light chain and tropomyosin, as well as on the glycolytic proteins phosphoglycerate mutase and triosephosphate isomerase ([@DMM043638C5]; [@DMM043638C26]; [@DMM043638C48]; [@DMM043638C84]; [@DMM043638C101], [@DMM043638C102][@DMM043638C102],[@DMM043638C103], [@DMM043638C104][@DMM043638C104]).

Protein thiol groups are particularly susceptible to oxidation by HOCl, with HOCl estimated to be ∼10^8^× more reactive with thiol groups than H~2~O~2~ ([@DMM043638C22])~.~ Accordingly, proteins containing thiol groups are potential biomarkers of oxidative stress and associated myonecrosis. In plasma, most thiol groups in proteins are in an oxidised state; however, the thiol group of cysteine 34 (Cys34) in human serum albumin is only partially oxidised. As a consequence, albumin Cys34 can be further oxidised, and assays to measure the thiol oxidation state of this amino acid residue have been developed for use as a plasma biomarker of oxidative stress ([@DMM043638C16]; [@DMM043638C28]; [@DMM043638C61]; [@DMM043638C64]). It is well documented that various diseases and physiological stresses such as exercise can increase Cys34 oxidation ([@DMM043638C72]). Therefore, albumin Cys34 has the potential to be a useful plasma biomarker of inflammation and oxidative stress to track myonecrosis. To validate albumin Cys34 as a clinical biomarker for myonecrosis in DMD, our group is investigating the correlation between thiol oxidation of albumin Cys34 in plasma and protein thiol oxidation in the muscle tissue of mouse models. We are also testing an alternate blood collection approach to measure the oxidation state of albumin Cys34, to develop a test that could be more accessible to the wider research and clinical community ([Fig. 5](#DMM043638F5){ref-type="fig"}). Fig. 5.**Home blood and urine collection to measure biomarkers of dystropathology.** Biomarkers that can be measured in a drop of blood collected from a finger prick onto a card for storage at room temperature can be readily collected in the home by patients or their family. Similarly, analytes of dystropathology in urine can potentially be measured using an absorbent strip that is dried and stored at room temperature. Home collection would augment clinical utility by facilitating tracking of biomarkers.

Conclusions {#s6}
===========

As discussed in this Review, many potential molecular biomarkers have been identified in blood or urine of animal models and DMD patients (see [Table 1](#DMM043638TB1){ref-type="table"}). However, there are many factors to consider when developing biomarkers that are fit for purpose (see [Box 2](#DMM043638B2){ref-type="boxed-text"}, Factors influencing the development of a clinical biomarker). In particular, and as discussed, there are advantages to linking biomarkers to mechanistically relevant changes in muscle. Box 2. Factors influencing the development of a clinical biomarker**Collection:** The type of collection for blood (finger prick versus venepuncture, and plasma versus serum) and urine (one-off versus 24 h) affects cost and the ability to collect serial samples to monitor changes in disease severity. Variability during the day, and between days, can affect the time and the number of serial samples required to reliably track changes in the biomarker ([@DMM043638C6]; [@DMM043638C31]; [@DMM043638C33]; [@DMM043638C93]).**Stability:** Biomarkers stable at room temperature would not require the expense and logistical challenges of maintaining and transporting cold or frozen samples ([@DMM043638C57]; [@DMM043638C60]).**Analytical:** Techniques for analysis that do not require specialised equipment and staff would enhance clinical utility by decreasing costs and facilitate dissemination of the test to different laboratories. Reliable performance metrics (e.g. accuracy, precision and reproducibility), particularly across several laboratories, would also support regulatory approval as a drug development tool ([@DMM043638C56]).**Validation:** Linking biofluid biomarker changes to measures of myonecrosis, particularly with preclinical treatments, would provide evidence for clinical validity ([@DMM043638C56]).**Clinical utility:** Clinical utility describes how well a test balances likely benefit and potential disadvantages when used in patient management and for use in drug development trials ([@DMM043638C56]).

Although human blood and urine samples can be fairly easy to obtain for analyses, tracking changes in muscles is difficult because muscle biopsies are highly invasive and undesirable for DMD boys. However, animal models provide the opportunity to compare changes in the levels of a biomarker relative to the level of myonecrosis from the same individual. Given the limitations of the dystrophic animal models, including duration of growth and lifespan, relative size and loading of muscles, it is desirable to test and validate promising biomarkers across several dystrophic species. After validation in muscles across dystrophic animal species ([Box 2](#DMM043638B2){ref-type="boxed-text"}) and their identification and validation in blood, plasma and urine of the same animal models, robust biomarkers can be tested clinically in DMD and age-matched normal control biofluids. Such data strengthen the case for a biomarker as a meaningful clinical readout, and this approach could be more widely applied to help validate robust biomarkers for DMD.

Drug development and clinical trials have become increasingly complex and resource-intensive, with strong competition for access to relatively small numbers of vulnerable young DMD patients. These challenges could in part be alleviated by using myonecrosis-tracking and other relevant biomarkers in biofluids to critically and relatively rapidly assess the benefits of candidate therapies, and help to prioritise and accelerate the most promising clinical therapies for DMD and other neuromuscular diseases.

This article is part of a special collection 'A Guide to Using Neuromuscular Disease Models for Basic and Preclinical Studies', which was launched in a dedicated issue guest edited by Annemieke Aartsma-Rus, Maaike van Putten and James Dowling. See related articles in this collection at <http://dmm.biologists.org/collection/neuromuscular>.
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